We demonstrate the distinctive optical properties of disordered nanostructures on glass substrates in accordance with changes in the average size of the nanostructures. Dissimilar sizes of nanostructures were fabricated by using different thicknesses of thermally dewetted Ag nanoparticles as etch masks. Unlike a flat glass substrate, the nanostructured glasses (NSGs) show a changed optical characteristic. By increasing the size of the nanostructures, the wavelength of the peak transmittance of about 99% gradually moved from 730 to 2000 nm. To clearly discern the effect of the different sizes of nanostructures, the normalized angle-dependent transmittance spectra of the NSGs were analyzed. Only if the size becomes relatively larger than the wavelength of the incident light are the transmittance spectra more strongly affected by the incident angle as well as by the relative size, rather than by the Fresnel reflection.
Introduction
Glass is one of the most widely used materials in optical and optoelectronic applications such as optical windows, imaging systems, thin film solar cells, and organic light emitting diodes (OLEDs) [1] [2] [3] [4] [5] . Even though the relatively low refractive index (∼1.4) causes only about 4% reflectance at an optical interface between air and a glass substrate, there have been enormous efforts to reduce the reflectance and to improve device performance, especially when there are multiple optical elements. Conventionally, to reduce the Fresnel reflection at optical interfaces, antireflective (AR) thin film coatings are widely used; nevertheless, these suppress reflection only in a narrow wavelength region, and they require an even thicker layer for reducing reflection as the designed wavelength increases. As a result, the fabrication of an antireflection coating for the near-IR (NIR) region is a challenge due to the need to control numerous thick layers with uniform thicknesses using appropriate coating materials [5, 6] . Recently, as an alternative to AR coating, there has been constantly increasing interest in suppressing the Fresnel reflection at optical interfaces using a nanostructured surface, which can be applied for enhancing the efficiency of glass-based optical and optoelectronic devices. To increase the performance of such devices by means of a nanostructured interface, many different kinds of structures, periodically or disorderedly arranged [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] , including nanorods, nanocones, nanopillars, and nanogratings, have been proposed for antireflection purposes [15] [16] [17] [18] [19] [20] [21] [22] . With broadband AR performance in mind, and without regard to periodicity, the structures should have, at the same time, a tapered profile and a size smaller than the incident wavelength; furthermore, the height should be as tall as possible to cover a very broad range of wavelengths [23] [24] [25] . However, due to the practical difficulties of fabricating a structure with a high aspect ratio on a real device, antireflective nanostructures are suboptimized to some specific region of wavelengths such as UV [26] , visible (VIS), or IR regions [4] [5] [6] . As part of an effort to minimize the reflection at optical interfaces with a restricted height of nanostructures, it has been demonstrated that parabola-shaped nanostructures show outstanding performance among diverse kinds of structures due to their linear change of refractive index from air to substrate material [20] . Even though optimized AR structures are the most suitable way, under the condition of restricted height, to obtain broadband AR performance, it is imperative for practical and large-area applications to develop further simple and feasible methods to attain adequate AR performance and to control the AR region of wavelengths for various applications in the UV to NIR wavelength region. For the purposes of simplicity and practicality, recently disordered AR structures have been the subject of progressively growing interest based on the idea of a self-assembled etch mask [9] [10] [11] [12] [13] . Unlike periodic structures, disordered structures are stochastically arranged, but they show AR performance similar to that of periodic structures [7] .
Until now, the relation between the size of nanostructures and their optical properties has simply been reported as being one in which periodic nanostructures have reduced optical reflectance at the optical interface mostly in the UV, VIS, or IR region [1, [4] [5] [6] in accordance with their size. For implementation of antireflection in the UV and VIS bands, the size of the structures should be less than ∼200 nm, in order to avoid light scattering from the structures [1, 27] . Nevertheless, the size dependency of AR nanostructures on a specific substrate has not been studied fully in the UV to NIR wavelength region. In addition, aside from the dependency of the size on the AR characteristic, it is difficult to distinguish the effect of nanostructures from that of Fresnel reflection. Therefore, it is necessary to fabricate different sizes of disorderly arranged nanostructures on a glass substrate so as to understand how the light that is passing through the nanostructured transparent materials is affected both by the changing of the average size of the nanostructures and by the Fresnel reflection.
Herein, we experimentally corroborate how different sizes of disordered nanostructures on glass substrates exert influence on the optical property. To fabricate different sizes of nanostructures for the purpose of antireflection in different wavelength ranges, thermally dewetted Ag nanoparticles with diverse average sizes are used as etch mask to control the average size of the nanostructures; the fabricated samples are examined in terms of optical transmittance, changing the incident angle of the entering light. As for the transmittance characteristics of each sample, the different sizes of nanostructures have influenced the high transmittance region of the wavelength, which is gradually moved from the VIS to the NIR region with the increasing size. Furthermore, by normalizing the angle-dependent transmittance, we obviously show that nanostructures on glass substrates have caused an effect that is distinctive and separate from that of Fresnel reflection when nanostructures are comparable to, or larger than, the incident wavelength.
Experiment
In this experiment, to fabricate disordered nanostructures on a glass substrate, borosilicate glasses (Schott borofloate 33) with a 20 mm by 20 mm square shape were used. First, the samples were cleaned with acetone, methanol, and deionized water using ultrasonic agitation. Ag thin films with thicknesses of 10, 15, 20, and 30 nm were deposited on the substrates at a rate of 0.05 nm ∕ s, using an electron-beam evaporator. In order to form the Ag nanoparticles using the dewetting process [11, 12] , a rapid thermal annealing process was subsequently carried out at 500°C for 1 min in a nitrogen atmosphere. To fabricate nanostructured glasses (NSGs) with a tapered profile, an overall dry etch process was carried out using reactive ion etching (RIE, Plasmalab 80 Plus, Oxford Instrument Co., UK) in a CF 4 ∕ O 2 (40 SCCM/10 SCCM; SCCM denotes cubic centimeters per minute at standard temperature and pressure) gas mixture at 100 W RF power. During the dry etch process, different thicknesses of Ag films were used as nanoscale etching masks. To remove the residual Ag nanoparticles, the samples were dipped into nitric acid (HNO 3 ) for 1 min. For dual-sided NSGs, the same fabrication procedure was repeated on the other side of each glass.
The morphology of the Ag nanoparticles and the surface of the NSGs were analyzed with a field-emission scanning electron microscope (FE-SEM, S-4700, Hitachi) with an operating voltage of 10 kV. The transmittance spectra of the samples were measured with a UV-VIS-NIR spectrophotometer (Cary 5000, Varian, USA) in the wavelength range of 250 to 2500 nm.
Results and Discussion
To fabricate different sizes of disorderedly arranged nanostructures on glass substrates, it is essential to prepare different sizes of nanoscale etch masks. In this study, Ag films were deposited with thicknesses of 10, 15, 20, and 30 nm on a glass substrate. To form Ag nanoparticles for the etch mask, the thermal annealing process was carried out at 500°C. Figure 1 shows the scanning electron microscope (SEM) images of the Ag nanoparticles at 50 k magnification. As can be seen in Fig. 1 , the dissimilar morphologies of the Ag nanoparticles illustrate that each etch mask has a different average period and area fraction. As the thickness of the Ag film increased, the area fraction of the nanoparticles declined, whereas the average period between the two nearest Ag particles increased. In order to clarify the trend of the morphologies of the nanoparticles, we estimated the average period and area fraction from the SEM images, with area of 12.8 μm × 8.4 μm, taken at 10 k magnification using a commercial image processor (ImageJ 1.43u, NIH). The estimated average periods of the nanoscale structures with film thickness of 10, 15, 20, and 30 nm were 80, 160, 240, and 480 nm, respectively, which were approximated by conducting pair correlation function analysis [10, 12] . The average area fractions of the structures also were 56%, 50%, 47%, and 41%. As a result, the different thicknesses of Ag film implemented in the thermal annealing process can work as a nanoscale etch mask for fabricating diverse sizes of nanostructures on glass substrates.
To fabricate NSGs, glass substrates with Ag nanoparticles were subjected to an overall dry etch using RIE with CF 4 and O 2 . The simplified fabrication procedures for preparing NSGs are shown in Fig. 2 . In order to determine the etching duration for optimum optical properties, four pairs of four glass substrates with Ag masks of 10, 15, 20, and 30 nm thickness were etched for 1, 4, 7, and 10 min, respectively. The fabricated results of the NSGs with a 10 nm thick Ag mask are shown in Fig. 3 . As can be seen in Figs. 3(a)-3(d) , the heights of the nanostructures were controlled by varying the etch duration. With the increase of the etch duration up to 7 min, the height of the nanostructures was increased and the shape of the apex was changed from a flat top to a sharp one. However, even when the etch duration increased to 10 min, there was no noticeable change Fig. 3(e) . While the average transmittance of the bare glass was 92.7%, the single-sided NSG etched for 1 min showed an increased average transmittance of 94.0% in a spectral range from 380 to 750 nm. The samples etched for 4, 7, and 10 min exhibited better optical performances of 95.3%, 95.2%, and 95.1% in that range, respectively, due to their increased height. When using a 10 nm thick Ag mask, the etch duration of 4 min was optimum in the wavelength region. However, when the etch duration increased further, there was no more increase of the average transmittance; rather, there was a decrease in the average transmittance. This could be explained with the effective medium theory (EMT), which delineates the interaction between the incident light and such a structured medium by means of a homogeneous medium with effective optical constants [6] . The further etched sidewall leads to a less optimized graded effective refractive index profile of the nanostructures in the VIS region.
Even though a single-sided NSG suppresses the Fresnel reflection at the incident air-glass boundary, to maximize the transmittance and obtain a highly transparent glass, the transmitted light going from the glass to the air should be considered. This means that the reflectance at the glass-air optical boundaries should also be suppressed [27] . Therefore, on the other side of the NSG, we fabricated nanostructures with the same etching conditions and with etch durations of 1, 4, 7, and 10 min. For purposes of comparison between the single-sided NSGs and the dual-sided NSGs, the transmittance spectra of the NSGs with etch durations of 1 and 7 min are shown in (I) and (II) of Fig. 3(e) . The average transmittance values of the dual-sided NSGs etched for 1 and 7 min was 95.2% and 97.9%, respectively, over the spectral range. The transmittance spectra of the dual-sided NSGs were improved about twofold over those of the single-sided NSGs. Therefore, dual-sided NSGs with sufficient height on the glass substrate suppressed unwanted optical reflection at the surfaces of the glass substrate, and hence the transmission of incident light through the glass substrate was enhanced.
To verify the alteration in the optical properties according to the varying size of the nanostructures on the glass substrates, we fabricated dual-sided NSGs with etching times of 7 min using Ag films with thicknesses of 10, 15, 20, and 30 nm. At this point, the etching duration was set at 7 min, because that duration showed the most discernible peak transmittances among the measured transmittance spectra of the samples fabricated by using different thicknesses of Ag films. Figures 4(a)-4(d) show SEM images of the fabricated NSGs; the morphologies of the NSGs are consistent with those of the Ag nanoparticles shown in Fig. 1 . To confirm the similarity of the average period between the Ag masks and the NSGs, we deduced the average period of the NSGs from the SEM images, with an area of 12.8 μm × 8.4 μm, taken at 10 k magnification by using the same commercial image processor and analysis function [10, 12] . The estimated average periods of the nearest structures using 10, 15, 20, and 30 nm thick Ag films were 80, 172, 241, and 509 nm, respectively. The average period between the two nearest nanostructures on the NSGs was influenced by the average period of the Ag nanoparticles, and the NSGs with a smaller size possessed a shorter average period. Under the same conditions of etch duration, the heights of the nanostructures on each NSG were found to differ from one another because the etch rate was affected by the area fraction of the Ag nanoparticles on the glass substrate; this is called the loading effect [28] . To confirm the effect of the different average periods on the optical properties, the samples were investigated by measuring transmittance spectra in the wavelength range of 250-2500 nm at normal incidence. Figure 4 (e) shows the measured transmittance spectrum of each sample, and the transmittance spectrum of the bare glass is also shown for comparison purposes. When the light impinges on the grating structure with period Λ, the angle of the reflected diffraction waves θ r;m in the mth order are given by the grating equation [29] sin θ r;m mλ Λn sin θ i ;
where n is the refractive index of incident medium, θ i is the incident angle, and λ is the incident wavelength. According the grating equation, the incident wavelengths should be much longer than the period so as not to cause higher order diffraction [6, 13] , but to transmit and reflect the light as if the light was passing through a flat medium [6] . In addition, as the period or the incident angle increases, the shortest wavelength condition that does not generate higher order diffraction will move to a longer wavelength, and the decreased transmittance is due to the increased reflectance caused by the higher order diffracted waves, which are shorter than the period [13] . Figure 4 (e) illustrates how the optical property is changed with increasing average size of the nanostructures. First of all, the wavelength of the peak transmittance for each sample was moved toward a longer wavelength. For the samples fabricated by using 10, 15, 20, and 30 nm thick Ag films, the maximum transmittance of about 99% was obtained at wavelengths of 726, 818, 1589, and 2003 nm, respectively. In addition, the decreased transmittance regions for the samples fabricated by using 15, 20, and 30 nm thick Ag films, where the transmittance of each sample dropped below that of the bare glass, were formed [13, 27] below 390, 600, and 990 nm except for the NSG fabricated by using 10 nm thick Ag film. Even though the qualitative analysis of the grating equation explains the tendency of size dependency and is well matched to the trend of the measured results, it, by itself, cannot explain the degradation of transmittance over the peak transmittance or predict the region of improved transmittance. The gradual degradation of the transmittance in the wavelength region over the peak transmittance could be attributed to the relatively shorter height of the nanostructures compared to the incident wavelength. Even though in the wavelength region over the wavelength of the peak transmittance, the average period is much shorter that the incident wavelengths, the height of the nanostructures was not enough to obtain a gradual change in the effective refractive index from the top of the nanostructure to the bottom of it. The effective refractive index of the nanostructures was rather abruptly changed and showed a less optimized AR performance in the longer wavelength region [13, 25] . Therefore, the highly transparent regions of wavelengths are determined by the average period of the two nearest nanostructures and the adequate height of the NSGs, which are controlled by the average size of the Ag nanoparticles and the etch duration, respectively. To demonstrate the effect of nanostructures with different sizes on the incident angle, the angledependent transmittance was measured from 20°t o 50°in steps of 10°; then, the transmittances were divided by the transmittance measured at normal incidence. Figure 5 shows the normalized angledependent transmittance spectra for the dual-sided NSGs. For comparison, the transmittance spectra of the bare glass are also shown in Fig. 5(a) . The bare glass showed a decreased transmittance of 0.97 at 400 nm for an incidence angle of 50°because of the Fresnel reflection. Figures 5(b)-5(d) , however, show a quite different tendency due to not only the Fresnel reflection but also the different sizes of the nanostructures. As the size and the incident angle gradually increased, the normalized transmittance of the NSGs in the UV region decreased more rapidly compared to that of bare glass, and the IR region was also finally affected. The normalized transmittances of the NSGs with 10, 15, and 20 nm thick Ag films were 0.96, 0.84, and 0.57, respectively, at 400 nm for an incidence angle of 50°. The only NSG with 10 nm thick Ag film worked as bare glass, one that has no nanostructure, in the VIS region of wavelengths. Nevertheless, the tendency of the transmittance spectra for the other samples became similar to that of bare glass in the region of relatively longer wavelengths even at the incidence angle of 50°. Therefore, considering the oblique angle of the incident light in a certain wavelength region, the average period of the nanostructures should be further reduced in order to prevent generating higher order diffracted waves.
To compare the AR characteristic of the samples in the VIS and NIR regions, photograph images were taken with a normal camera and with an IR camera, respectively, under a fluorescent lamp. In the VIS region, as illustrated in Fig. 6(a) , an intense light reflection from the bare glass is observed, and hence the reflections occurring at both sides of the bare glass make the words difficult to read. The NSGs with 10 and 15 nm thick Ag films, however, showed improved readability due to reduced reflection, but the NSG with 30 nm thick Ag film was slightly opaque, as can be seen in Fig. 6(c) . In the NIR region, the sample with the 10 nm thick Ag film showed a slight light reflection, which did not occur in the VIS region, but the other NSGs were transparent [ Fig. 6(b) ]. Although the NSG fabricated with the 30 nm thick Ag film is appropriate for the NIR spectral region, the average size of the nanostructures is comparable to the wavelength of visible light, and so the scattered light makes the image opaque in the VIS region [1] .
Conclusions
In conclusion, we have demonstrated the variation of optical behavior with the varying sizes of nanostructures on glass substrates. As the size of the nanostructures increased, the wavelength of the peak transmittance was redshifted. From the normalized angle-dependent transmittance spectra, it was possible to distinguish different effects between the Fresnel reflection and the different sizes of the fabricated nanostructures when the size of the nanostructures became larger than that of the incident light. This clearly indicates that the light transmission was affected by not only the Fresnel reflection but also the relative size of the nanostructures. These NSGs are promising, because it is easily possible to control the size of the nanostructures in order to optimize the optical properties; this process can be used to enhance the performance of glass-based optical and optoelectronic devices.
